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Micro-nano structured Ni-MOFs as high-performance cathode catalyst of
rechargeable Li—O, batteries

Xiaofei Hu', Zhigiang Zhu', Fangyi Cheng', Zhanliang Tao' and Jun Chen'**

Rechargeable Li—O, batteries with high theoretical energy density urgently require efficient
cathode catalysts to improve their electrochemical performance. Here we first demonstrated the
application of Ni-based-organic frameworks of Ni(4,4’-bipy)(H;BTC) (4,4’-bipy = 4,4°-
bipyridine; H3;BTC = 1,3,5-benzenetricarboxylic acid) (Ni-MOFs) as high-performance
cathode catalyst of rechargeable Li—O, batteries. It is found that Ni-MOFs with three-
dimensional (3D) micro-nano structure, open catalytic sites and large specific surface area
have guaranteed the free transfer of O, and effective contact between the electrolyte and the
catalytic sites. A preliminary test of Ni-MOFs showed an extremely high capacity of 9000
mAh g, a high round-trip efficiency of 80%, and a respectable cycling of 170 cycles without
obvious voltage drop. Furthermore, plastic rechargeable Li—O, batteries with Ni-MOFs as the
cathode catalyst have been assembled, displaying an energy density of 478 Wh kg™'. This study
leads to both fundamental and technological advances of Ni-MOFs as the cathode of

rechargeable Li—O, batteries.

Introduction

Metal-organic frameworks (MOFs), which are made by
linking metal ions/clusters and organic ligands through
coordination bonds, represent an emerging class of porous
crystalline compounds.'™ Porous MOFs have shown attractive
interest in the fields such as gas separation and hydrogen
storage due to their uniform and permeable channels that can
not only provide countless active sites on the pore surface but
also facilitate the diffusion of gas and/or ions.”'® Recent study
has shown that Ni nanoparticles supported on carbon, which
were prepared with the decomposition of Ni-based MOFs of
Ni(4,4’-bipy)(H;BTC) (4,4’-bipy = 4,4’-bipyridine; H;BTC =
1,3,5-benzenetricarboxylic acid) (here denoted as Ni-MOFs),
can be used as efficient catalysts for hydrolysis of ammonia
borane."' Thus, how to further develop the application of Ni-
MOFs is of great importance.

Rechargeable metal-air batteries such as lithium—oxygen (Li—
0,) batteries with oxygen reduction/evolution reactions
(ORR/OER) on the cathode have recently attracted extensive
attention due to their high theoretical energy density (3155 Wh
kg™, based on the mass of discharge product Li,O,).">"7
However, the sluggish ORR/OER in the cathode of Li-O,
batteries results in large overpotential (i.e. low round-trip
efficiency), poor cycling life and low rate capability. This
seriously limits the battery performance.'®?° Thus, much effort
has been devoted to exploiting cathode catalysts to promote
ORR/OER. Porous gold has demonstrated the great promotion
of ORR/OER due to the accommodation of insoluble Li,O, that
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is generated during the discharge.!’ Mn-MOFs with one-
dimensional channels as cathode catalysts in nonaqueous Li—O,
batteries exhibited 30 cycles with fixed capacity of 1000 mAh
g at 250 mA g '.?*> Generally, the cathode catalysts with high
surface areas and abundant catalytic sites are preferred because
they can enhance the effective contact between the electrolyte
and catalysts.

We here report, for the first time, the use of Ni-MOFs as a
promising cathode catalyst for room-temperature rechargeable
nonaqueous Li—O, batteries. Ni-MOFs possess two sorts of
uniform 3D tricontinuous microchannels (5-8 A and 6-7 A as
the channel sizes) and nanopores (500 A) with a high Brunauer-
Emmett-Teller (BET) surface area of 1225 m? g ', which
guarantees the controlled transfer of O, and Li" as well as the
sufficient contact between the electrolyte and catalytic metal
sites. As the cathode catalyst of Li—O, batteries, Ni-MOFs
significantly promote the ORR/OER. An extremely high
discharge capacity of 9000 mAh g' at 0.12 mA cm™> was
obtained. Meanwhile, a high round-trip efficiency of 80% and a
long cycling of 170 cycles were obtained with a cut-off
capacity of 600 mAh g™' at 0.6 mA cm . Furthermore, a plastic
Li—O, cell with the energy density of 478 Wh kg™' was
successfully fabricated. This study demonstrates the application
extension of Ni-MOFs-based cathode in Li—O, batteries with
reversible electrochemical ORR/OER.

Experimental section

Synthesis Procedures

J. Name., 2013, 00, 1-3 | 1
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All reagents are of analytical grade and used as received.
Ni(4,4’-bipy)(HBTC) (4,4’-bipy = 4,4’-bipyridine; H;BTC =
1,3,5-benzenetricarboxylic acid) (Ni metal-organic framework,
Ni-MOFs) was solvothermally prepared with the modification
of previous report.* 4,4’-bipy of 0.576 g (3 mmol), H;BTC of
0.633 g (3 mmol), and Ni(NO;),*6H,0 of 0.876 g (3 mmol)
were dissolved in N,N-dimethylformamide (DMF) of 60 mL
and stirred vigorously for 5 min at room temperature. Then, the
obtained green solution was sealed in a teflon-lined autoclave
with the volume of 100 mL and kept at 80 °C with dwell time
of 70 h. After cooling to room temperature in ambient air, the
autoclave was opened. The green crystal-like solid was
collected by centrifuging at 9500 rpm and washing thoroughly
with DMF three times. Finally, the obtained green crystals were
dried at 180 °C for 6 h under vacuum.

Material Characterization

Ni-MOFs, C, and discharge products were characterized by
powder X-ray diffraction (XRD, Rigaku MiniFlex600, Cu Ka)
radiation and Raman microscope (DXR, Thermo-Fisher
Scientific, 532 nm excitation). The Brunauer-Emmett-Teller
(BET) specific surface area was detected by the N, adsorption—
desorption isotherm at 77 K (BELSORP-mini instrument). The
morphology and element distribution of Ni-MOFs, C, and
discharge products were observed by field-emission scanning
microscopy (SEM, JEOL JSM7500F). The
microstructures of Ni-MOFs were measured by transmission
electron microscopy (TEM, Tecnai G2 F20) under 200 kV in
vacuum.

electron

Electrochemical Test

Ni-MOFs electrodes were fabricated by casting a mixture of 30
wt% Ni-MOFs, 60 wt% Vulcan carbon XC-72, 10 wt%
polyvinylidene fluoride (PVdF) on a pressed nickel foam
current collector. For C electrodes, no Ni-MOFs was used and
the weight ratio of Vulcan carbon XC-72 and PTFE was 9:1.
The total mass loading of the two electrodes are ~0.5 mg cm >
(the mass of each piece of Ni foam is about 15 mg).
Electrochemical studies were conducted using CR2032 coin-
type cells, employing Ni-MOFs or C electrode as cathode
catalyst with a lithium foil as anode and a glass fiber (16 mm in
diameter, 0.3 mm in thickness, porosity of 92%-98%) as
The bis-
(trifluoromethanesulfonyl)-imide tetracthylene
glycol dimethyl ether (TEGDME).

Plastic Li—O, batteries (PLOBs, soft package style) were also
fabricated and investigated. For a PLOB, it was one plastic bag
filled with a lithium foil anode (1.2 x 4 cm?), a glass fiber
separator (1.4 x 4.2 cm? 0.3 mm in thickness, porosity of 92%—
98%), and an air electrode (1.2 x 4 cm?, 16 mg of Ni-MOFs
coating on one piece of carbon paper) with a total mass of 360

separator. electrolyte is 1 M lithium

(LiTFSI) in

mg. The cathode side of the plastic bag was dug many holes for
O, transfer. The anode was fixed on the inner bottom of the
plastic bag by double-side tape. The electrolyte was 1 M
LITFSI in TEGDME. Electroconductive paste was used to fix
two conductive wires on lithium foil and carbon paper,
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respectively. A clip was used to nip the plastic bag in order to
fix all the electrodes and the separator. All procedures for the
cell assembly were carried out in an argon-filled glove box
(Mikrouna Universal 2440/750, moisture content and oxygen
level < 1 ppm). The assembled CR2032 coin type batteries and
PLOBs were set into a sealed glass bottle filled with pure
oxygen at 1 atm at temperature. These batteries were tested by
galvanostatic experiments on a LAND battery testing system at
room temperature after 8 h rest period. Cyclic voltammograms
(CVs) were recorded on Parstat 263A potentiostat/galvanostat
workstation (Princeton Applied Research & AMETEK
Company). Electrochemical impedance spectroscopy (EIS) was
measured on an AC voltage of 5 mV amplitude in the
frequency range from 100 kHz to 0.1 kHz.

Rotating-Disk-Electrode (RDE) measurements

This employed RDE the
electrochemical characterizations were conducted in a three-

work technique.**  Briefly,
electrode electrochemical sink using a Pt foil as the counter
electrode, a KCl-saturated calomel electrode (SCE) as the
reference electrode, and a working electrode of a sample-coated
glass carbon (GC) electrode, which is fixed in a rotating ring-
disk electrode (RRDE, Pt ring and GC disk, disk radius 2.80
mm). The electrolyte is 1 M LITFSI in TEGDME (0 V Li =~
—3.28 V vs. Hg/Hg,Cl,), which was saturated with high-purity
O, (Air Product, purity 99.995%). The catalyst sample 1 is a
mixture of Ni-MOFs and Cabot Vulcan XC-72 at a ratio of 3
mg / 6 mg. The catalyst sample 2 is pure C of 9 mg. The
mixture was ultrasonically dispersed in 900 mL of 850:50 v/v
isopropyl alcohol/neutralized Nafion solution (5 wt%, Sigma-
Aldrich) mixed solvent for 20 min to form a homogeneous ink.
Then, 7.0 pL of the catalyst ink (containing 70 pg of catalyst)
was loaded onto the glassy carbon electrode and naturally dried
under isopropyl alcohol atmosphere overnight. The catalyst
loading was approximately 0.284 mg cm 2. The disk electrode
was potentially scanned at a rate of 5 mV s~ ' from 3.28 to 2.28
V versus Li"/Li under rotating speed of 1600 rpm (ORR) and
from 4.18 to 3.28 V versus Li'/Li under rotating speed of 1600
rpm (OER). Before OER test, the RDE was conducted by
holding the voltage at 2.48 V for 10 min.

Result

The morphology and structure of Ni-MOFs.

Fig. 1 shows the morphology, element distribution, and
molecule structure of Ni-MOFs. As Fig. 1a displays, Ni-MOFs
are in the form of blue powders with the shape of hexagonal
plate (side length of ~5 um and thickness of ~1 pm). Fig. 1b
exhibits nanoporous structure in the side view of the hexagonal
plates, revealing the uniform distribution of C, O, Ni, and N
elements within Ni-MOFs. The powder XRD patterns of the as-
synthesized Ni-MOFs were provided by Fig. Sla. The 20
values of the peaks of Ni-MOFs are in well agreement with the
simulation,”® demonstrating the success of the synthesis. We
also observed Ni-MOFs by TEM. Since an ultrasonic method
was used

in the process of sample preparation, only
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fragmentized samples could be observed (Fig. 1¢). Interestingly,
some dark dots (marked with circles) without any typical lattice
fringes are found in the high resolution TEM (HRTEM) image
(Fig. 1d). After the test for ~10 min, clearly lattice fringes
emerged (inset of Fig. 1d). The measured distance between
adjacent lattice fringes is approximately 0.21 nm, which is
consistent with the spacing of (111) planes of nickel. This
should be explained by the reduction of Ni*" to Ni within
original Ni-MOFs due to the electron beam irradiation. The
molecule structure of Ni-MOFs is depicted in Fig. le. The
framework of Ni-MOFs was assembled by two kinds of
connecting ligands of H;BTC and 4,4’-bipy as well as Ni**
(triangular bipyramid type) centers. The honeycomb grid layers
constructed by Ni** and H;BTC are linked by 4,4’-bipy pillars
to form a 3D tri-continuously porous framework. The red,
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green, and blue rods stand for three cross linking channels,
which are perpendicular to c-axis and equal to each other. In
addition, the honeycomb like channels along c-axis (yellow
rods) are ~6 A x 7 A, while the pillars of 4,4’-bipy form
rectangle channels that are ~5 A x 8 A. The porous structure is
confirmed by the N, adsortion-desorption analysis of the as-
prepared Ni-MOFs, which shows a high BET surface area of
1225 m* g'! (Fig. S1b) and a hysteresis loop (type IV, a signal
of mesopores>’). Horvaih—-Kawazoe (HK) pore size distribution
at ~7 and ~11 A (the inset of Fig. S1b). The miro-channels and
nanopores of Ni-MOFs are large enough for free transfer of O,
(3.46 A) and electrolyte (containing Li"). Such facts, along with
the open metal sites that can enhance O, adsorption and
catalysis,”® should render Ni-MOFs a promising cathode
catalyst for Li—O, batteries.

Fig. 1 The morphology and structure of Ni-MOFs. (a) SEM image of Ni-MOFs. The inset shows the optical photograph of Ni-MOFs in a glass beaker. (b) SEM image
and carbon, oxygen, nickle, and nitrogen element mapping images of Ni-MOFs. The yellow box highlights the spectrum image. (¢) TEM and (d) HRTEM image of Ni-
MOFs under 200 kV in vacuum. The circles in (d) mark some of reduced Ni clusters. Inset of (d) presents the HRTEM image of Ni-MOFs after TEM test last ~10 min.
(e) Crystal structures of Ni-MOFs along ¢ axis, perpendicular to ¢ axis and along b axis. The red, green, and blue rods stand for three cross linking channels, which are

equal to each other. The yellow rods stand for channels along ¢ axis.

Electrochemical performances on RDE.

To evaluate the catalytic performance of Ni-MOFs for Li-O,
battery, we applied catalyst-loading rotation disk electrode
(RDE) within electrolyte of 1 M LiTFSI in TEGDME (Fig. 2a).
The electrode is composed of Ni-MOFs and conductive carbon
(VC-72) (denoted as Ni-MOFs/C). For comparison, pure VC-
72 has also been tested. Obviously, Ni-MOFs/C exhibit more
positive ORR (2.84 V vs. Li'/Li) and more negative OER (3.84
V vs. Li'/Li) potential than those of VC-72, suggesting that Ni-
MOFs/C are able to get smaller charge overpotential when used
as cathode catalyst for Li-O, batteries.”> This is further
supported by the cyclic voltammetry curves (obtained on RDE,
Fig. 2b), in which Ni-MOFs/C own larger current density and
smaller ORR/OER peak gap than that of perovskite-based
porous Lag 75S1r),5MnOs3 nanotubes.?” The improved catalytic

This journal is © The Royal Society of Chemistry 2012

activity of Ni-MOFs is ascribed to the effective utilization of
catalytic Ni atom (provided by the inner and outer surfaces of
open nanoporous structure) and free transfer of O, in 3D
continuous microchannels. The anodic process decomposed the
discharge product, guaranteeing the reutilization of porous
structure.

a)” b)
Ve ve-72
1.0 — NIOFs/C 4 0.084 ——NiOFs/C
< 05 B
E = 000
= ]
g g
£ oo £
o
3 0.08
0.5
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1.0 - - r v - T r T
2.0 25 3.0 35 4.0 45 2.0 2.5 3.0 35 4.0 4.5

Voltage (V vs. Li*/Li) Voltage (V vs. Li*/Li)
Fig. 2 (a) ORR and OER polarization curves of VC-72 and Ni-MOFs/C on
rotating disk electrode (RDE) in O,-saturated aprotic electrolyte of 1 M LiTFSI in
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TEGDME. (b) Cyclic voltammetry curves at 20 mV s on RDE within O,-
saturated 1 M LiTFSI in TEGDME.

Electrochemical performances in coin-type Li—O, batteries.

Ni-MOFs have been employed as cathode catalyst for Li—O,
battery with a lithium foil as anode (Fig. 3a). The electrolyte is
1 M LiTFSI in TEGDME, which is one of the most stable
electrolytes for Li—O, batteries known to date.”® To increase the
conductivity of the catalyst, the cathode was made by pasting
the mixture of Ni-MOFs and Vulcan XC-72 (labeled as VC-72)
onto a pressed Ni foam (details can be seen in Experimental
Section). The outer side and inner side morphologies of the
cathode are shown in Fig. S2a and b, respectively. Ni-MOFs
based catalyst was only pasted on the inner side of Ni foam
with smooth surface and few tiny cracks, so the outer side of
the cathode is actually the pristine state of Ni foam with

macroporous structure that allow O, transport. The sectional
views of the cathode (Fig. S2c) reveals that the Ni foam layer is
not over compacted. In addition, Ni-MOFs own microporous
structure (6 A x 7 A and 5 A x 8 A channels). The cathode
catalytic layer has abundant nanopores for accommodation of
the discharge products (Fig. S2d). Consequently, Li" and O,
freely transfer to the interface between the electrolyte and the
catalytic site of Ni*" to form discharge products on discharging
(ORR process), which will be decomposed on charging (OER
process). The distribution of C, Ni, O, and N elements of the
cathode is depicted in Fig. S2e, revealing that the bulk of Ni-
MOFs was milled to small fragments and mixed uniformly with
conductive carbon (VC-72). Furthermore, porous VC-72 offers
large amount of temporary space for oxygen accommodation
before discharge and after recharge.

i 10000 .
a) ‘Li* «Oxygen b) c) 9000
i —] ——VC-72 based cathode o B Ni-MOFs based cathode
i 54 ——Ni-MOFs based cathode 8000 M VC-72 based cathode
. . . -
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JERE T ) H
¢ ¢ ; £ z
" < \9 s §4000
. . 2
— © 2000
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o1z 036 0.6 0.96
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)nnn 6 f) 6 1400 6
& o discharge - charge 55 < 1200 discharge - charge | o s
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Fig. 3 Electrochemical performance of Ni-MOFs-based Li—O; batteries. (a) The sche

Capacity (mAh 9'1) Cycle number

me of a Li—O, battery: The battery mainly consists of a Li anode and an O, cathode

within the electrolyte of 1 M LiTFSI in TEGDME. The cathode is a piece of Ni foam coated by Ni-MOFs. On discharging, the discharge product is produced by the
reaction between Li" (from organic electrolyte) and O,, and finally deposited on the surface of cathode; while on charging, the deposited product gets decomposed to

Li" and O,. (b) Typical voltage profiles of Ni-MOFs-based and VC-72 based Li-O,

batteries with fixed capacity of 600 mAh g™' at 0.12 mA cm ™2 The inset shows the

photographs of the CR2032 coin-type battery with positive and negative sides. (¢) Comparison of discharge capacity of Ni-MOFs and VC-72 based cathodes at different
current densities. (d, f) Galvanostatic discharge—charge curves and (e, g) variation of voltage on the discharge terminal of Li—O, batteries with fixed capacity of (d, ¢)
600 mAh g ' at 0.6 mA cm? and (f, g) 1080 mAh g ' at 0.72 mA cm 2 The capacity is based on the total mass loading on cathode including Ni-MOFs, VC-72, and

binder. The current densities are based on current collector area.

The electrochemical performance of Ni-MOFs-based cathode
was investigated using CR2032 coin-type Li—O, batteries (the
inset of Fig. 3b) (see details in the Methods). A VC-72 based
battery (without Ni-MOFs) has also been assembled for
comparison. Unless specific stated, the capacity is calculated on
the total mass of Ni-MOFs, VC-72, and binder on cathode; the
current density is based on current collector area. Fig. 3b shows
the discharge/charge profiles of the two cells with the capacity
limit of 600 mAh g™, which is normally used for testing Li-O,
batteries. The average discharge and charge voltage of Ni-
MOFs-based cathode are 3.5 and 2.8 V, respectively, giving a
super round-trip efficiency of 80%. It should also be stressed
that the discharge overpotential of 0.16 V (the gap between the
discharge voltage and the theoretical value of 2.96 V) is among
23 In contrast, the
overpotentials of C based cells in the discharging and charging

the lowest values reported by far.

are much higher. These results clearly confirm the high

This journal is © The Royal Society of Chemistry 2012

ORR/OER activity of Ni-MOFs, which should be benefited
from the permeable 3D channels and open metal sites.

Fig. 3¢ compares the discharge capacity of Ni-MOFs-based and
VC-72-based cathodes at different current densities with
voltage cut-off to 2.2 V. Clearly, Ni-MOFs-based cathode
delivered much larger discharge capacity than that of C based
cathode all the time, suggesting that Ni-MOFs can effectively
enlarge the capacity of air cathode. Particularly, Ni-MOFs-
based cathode realizes an extremely high capacity of 9000 mAh
g at 0.12 mA cm™, which is 3.3 times higher than that of C
based cathode. Furthermore, Ni-MOFs-based cathode also
demonstrates superior fast charge/discharge ability, delivering a
considerable discharge capacity of 2400 mAh g™' at a higher
current density of 0.96 mA cm . The rate capability of Ni-
MOFs-based Li—O, batteries were further evaluated with a
capacity cut-off of 600 mAh g™'. The discharge plateau keeps
nearly unchanged when the current densities increased from

J. Name., 2012, 00, 1-3 | 4
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0.12 to 0.96 mA cm?, even though a decrease is found at a
current density of 0.96 mA cm? (Fig. S3a). These results
indicate that Ni-MOFs catalyst has high activity for ORR/OER
and high rate capability.

The cycling stability of Ni-MOFs-based Li—O, batteries is
assessed with different specific capacity limits. Fig. 3d and 3e
present the voltage profiles and the variation of the discharge
voltage terminal with a fixed capacity retention of 600 mAh g”',
respectively. The battery ran 100 cycles with negligible voltage
terminal drop (below 3%), which strongly guarantees high
energy densities (energy density = voltage x capacity). More
excitingly, a preliminary test showed that such batteries could
stably operate for 170 cycles without obvious increased
polarization (Fig. S3b). This indicates the high reversibility
towards the formation and decomposition of the discharge
products and rechargeability of Li—O, batteries. It is worth
noting that such a long continuous operating time is rarely
achieved by Li-O, batteries reported by far.’**> We then
increased the cut-off capacity and current density to larger
values of 1080 mAh g™! and 0.72 mA cm 2, respectively. To
our surprise, the discharge voltage terminal still obtains 90%
retention even after more than 80 cycles (Fig. 3f and 3g).

Fig. S4 shows six full discharge/charge cycles of the Ni-MOFs
based batteries in a voltage range of 2.2-4.3 V at a current
density of 0.36 mA c¢cm 2. The full discharge/charge capacities
in the first three cycles are 6000/6492, 3700/3870, 3467/2473
mAh g', respectively. The reversibility of Ni-MOFs based
Li—O, batteries could be hampered by the possible electrolyte
(TEGDME) and binder (PVdF) decomposition.***” To get into
the reversible ORR/OER, cyclic voltammograms of Ni-MOFs-

1

based batteries at a constant scan rate of 0.1 mV s are

measured (Fig. S5a). The anodic and cathodic peaks only

anode wire

plastic bag

d).

cathode wire
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slightly shift during the initial 3 cycles, further proving the high
rechargeability. In comparison, the cycling performance of VC-
72-based batteries is also tested (Fig. S5b). The discharge
voltage terminal drops rapidly after only 28 cycles with a
specific capacity limit of 500 mAh g”', excluding the possible
performance contributions from catalytic activity of VC-72. In
the other control experiments, Ni-MOFs-based batteries in Ar
and Ni-foam-based batteries in O, showed extremely poor
performance (Fig. S5c¢). Therefore, it can conclude that the
electrochemical performance of Ni-MOFs-based batteries
mainly stems from the O,-involved reaction catalyzed by Ni-
MOFs.

“Plastic Li-O, battery”

To confirm the practicability of Ni-MOFs-based cathode, we
deigned and assembled a plastic Li—O, battery (PLOB, Fig. 4a).
Briefly, the PLOB consists of a lithium foil anode, a glass fiber
separator, a cathode (Ni-MOFs coating on one piece of carbon
paper), one plastic bag (cell case) and two electrode wires (Fig.
4b). The plastic bag close to the cathode side is dug many holes
for O, transfer (Fig. 4c). The discharge/change profiles are
displayed in Fig. 4d. In the 1st cycle, it could provide an initial
capacity of 4650 mAh g™' with a middle discharge voltage of
2.6 V, corresponding to an energy density of [1537
(4650%16x2.6/360) Wh kg™' or 478 Wh kg (including
consumed O, mass) for the PLOB. This is much higher than
that of commercial Li-ion batteries (130-180 Wh kg ™). In the
7th cycle, the POLB showed a discharge capacity of 2150 mAh
g with a middle discharge voltage of 2.5 V, corresponding to
239 Wh kg™ or 213 Wh kg™ (including consumed O, mass). It
is worth noting that the preparation process of the PLOB is still
in further optimization.

b) o 02 02
) SRER
| —

= Ni-MOFs coating on carbon paper
= glass fibre soaked by electrolyte

m Li foil £3double-sided tape

4.2 Soft package Li-O, battery |
2 36 ——1st cycle —2nd cycle
& ——3rd cycle —4th cycle
s -5th cycle —6th cycle
>° 3.04 ——Tth cycle

2000 3000 4000

Capacity (mAh 9'1 )

1000 5000

Fig. 4 Plastic Li—O, batteries assembled with Ni-MOFs and electrochemical performance. (a) A photograph of a plastic Li—O, battery. (b) Cross-sectional view and (c)
top view of the scheme of the plastic Li—O, battery (soft package style). This consists of Li anode, separator soaked by electrolyte, cathode coated by Ni-MOFs/C, and
plastic case with holes for oxygen entering. (d) Variation of voltage on the capacity. The capacity is based on the mass of Ni-MOFs/C (~16 mg) on cathode.

This journal is © The Royal Society of Chemistry 2012
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Reversibility of discharge products.

To further understand the electrochemical mechanism, Ni-
MOFs-based electrodes for Li-O, at different
discharge/charge states were characterized. Six points were

batteries

selected in the discharge/charge curves for detail tests (XRD,
EIS, and SEM) (Fig. 5a). The XRD measurements were carried
out (Fig. 5b). Clearly, the characteristic peaks of Ni-MOFs kept
unchanged after the 1st discharge, indicating its stability under
discharge. However, the XRD patterns also witnessed some
changes. For the discharged cathode, in addition to the
diffraction peaks of Ni-MOFs, C and Ni foam, the XRD
patterns only indicate the formation of Li,O, without other
discharge by-products (such as LiOH). Additionally, the peaks
of Li,O, disappeared after recharge, suggesting that the
products could fully decompose during the charge process.
Raman spectrum further characterized the cathode after 50
cycles (Fig. S6). We can clearly observe Raman peaks indexed
to Li,O, with by-products Li,CO; at the end of the 50th
discharge, which probably came from the decomposition of
electrolyte and binder. However, after the 50th recharge, the
of Li,O, still disappeared, that the

peaks indicating

rechargeability of Ni-MOFs based Li-O, batteries is maintained.

This is crucial to the performance improvement of Li-O,
batteries®®*°. We also tested the electrochemical impedance
spectroscopy (EIS) of Ni-MOFs-based batteries at different

5.0 T

states. The impedance in Fig. 5¢ shows that both interfacial

resistance and charge-transfer resistance increase on
discharging and almost recover to the initial state after
recharging. The morphology evolution of the cathode has been
investigated using SEM analysis. Compared with the pristine
cathode (point I, Fig. 5d), the morphology of discharged
cathode (point II, Fig. 5e) is similar to the pristine state,
indicating that the Li,O, was firstly formed inside of the
nanopores of Ni-MOFs in the initial period of discharge. After
that, large amount of Li,O, were gradually deposited on the
outside surface of Ni-MOFs (point III, Fig. 5f) and finally in
the form of nanofibers after deep discharge (point IV, Fig. 5g).
Theoretical calculations have concluded that Li,O, surface is
half metallic, while the bulk of Li,O, is nonconductive.*'
Therefore, the nanosized discharge products could provide
more sufficient Li,O,—clectrolyte interfaces and thus facilitate
the decomposition of Li,O, on charging. As expected, the
nanofibrous morphology of Li,O, disappeared first (point V,
Fig. 5h). Afterwards, the recharged cathode was finally
recovered to the pristine state (point VI, Fig. 51). This accords
well with the results of XRD and EIS analyses. These results
indicate that Ni-MOFs-based cathode in Li—O, batteries can
effectively accelerate the ORR process to form nanofiber like
Li,0, and facilitate the OER process to completely decompose
this discharge product so as to guarantee the reduced

overpotential and enhanced cycling stability.

T T T
b * ® NiMOFs * ha
a ) . Lio, 600]C m /|
4.5 ——Discharge & Nifoam
—— Charge [
LLDW-r%7
_a0q VI = 480 1.V 1
a o
S 35 \' z S360- g
8 1 @ IN
= = v
S § " N—— €
3.0 £ 240 ]
{ l l I\,AU,O»,
2.5 I m v l 120+ g
l [ S L13605
20+— T T T Flo LA T T T 10 T T T T T
0 200 400 600 800 1000 20 25 30 35 40 45 50 55 120 240 360 480 600
Capacity (mAh g'1 2 Theta (degree) Z'(Q)

)
]

Fig. 5 Cathode rechargeability of the proposed Li—O, battery. (a) Discharge and charge curves with 6 points for process tests (XRD, EIS, and SEM). The 6
points correspond to six different states: I, before discharge; II, discharge to 200 mAh g '; III, discharge to 500 mAh g'; IV, discharge to 1000 mAh g'; V,
recharge to 500 mAh g'; VI, recharge to 1000 mAh g'. (b) XRD patterns of and (c) EIS spectra of Ni-MOFs-based cathode at different discharge/charge state.
SEM images of Ni-MOFs-based cathode (d) point I, (e) point II, (f) point III, (g) point IV, (h) point V, and (i) point VI. The current density is 500 mA g .
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Conclusion 51

We have demonstrated that the operation of rechargeable Li—é2
batteries with superior rechargeability, long cycling life, ai
high rate capability can be attainable by using the catho
catalyst of Ni-MOFs. This is owing to that Ni-MOFs posse;
open catalytic sites, large specific surface area, and especia§
uniform micro-nanostructures, all of which are beneficial
effective contact (electrolyte/catalytic metal sites) and m
transfer (O, & Li"). Such Ni-MOFs-based Li—O, batteri
attained an enormous capacity of 9000 mAh g™' at 0.12 mA ¢
2. Remarkably, such batteries also exhibited a high round-tr
efficiency of 80% with capacity limit of 600 mAh g™' at 0.6
cm™, and the voltage terminal can be stable for a prelimina;
test of 170 cycles. Moreover, we have used Ni-MOFs as t
cathode catalyst to assemble ‘“plastic rechargeable Li—
batteries”, showing an energy density of ~478 Wh kg™ in t 6‘7
Ni-MOFs ai%
9
7

initial discharge. These results show that
promising materials as the cathode catalysts for rechargeab

Li—O, batteries with high performance.
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